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SUMMARY
Recently, Revil & Florsch proposed a novel mechanistic model based on the polarization of the
Stern layer relating the permeability of granular media to their spectral induced polarization
(SIP) characteristics based on the formation of polarized cells around individual grains. To
explore the practical validity of thismodel, we compare it to pertinent laboratorymeasurements
on samples of quartz sands with a wide range of granulometric characteristics. In particular,
we measure the hydraulic and SIP characteristics of all samples both in their loose, non-
compacted and compacted states, whichmight allow for the detection of polarization processes
that are independent of the grain size. We first verify the underlying grain size/permeability
relationship upon which the model of Revil & Florsch is based and then proceed to compare
the observed and predicted permeability values for our samples by substituting the grain
size characteristics by corresponding SIP parameters, notably the so-called Cole-Cole time
constant. In doing so, we also asses the quantitative impact of an observed shift in the Cole-
Cole time constant related to textural variations in the samples and observe that changes
related to the compaction of the samples are not relevant for the corresponding permeability
predictions. We find that the proposed model does indeed provide an adequate prediction of
the overall trend of the observed permeability values, but underestimates their actual values
by approximately one order-of-magnitude. This discrepancy in turn points to the potential
importance of phenomena, which are currently not accounted for in the model and which tend
to reduce the characteristic size of the prevailing polarization cells compared to the considered
model, such as, for example, membrane polarization, contacts of double-layers of neighbouring
grains, and incorrect estimation of the size of the polarized cells because of the irregularity of
natural sand grains.
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1 INTRODUCTION
One of the basic difficulties in groundwater resources management
is the inherently elusive nature of the spatial distribution of the
pertinent hydraulic properties in general and of the permeability
in particular (e.g. Gelhar 1993). An adequate hydrological charac-
terization of the subsurface, notably with regard to its permeability
structure, is, however, a prerequisite for effectively addressing prob-
lems regarding groundwater flow and contaminant transport (e.g.
Domenico & Schwartz 1998). Surface- and borehole-based geo-
physical measurements allow for imaging the geological structure
of the shallow subsurface as well as the distribution of some perti-
nent rock physical properties (e.g. Rubin & Hubbard 2005; Linde
et al. 2006; Robinson et al. 2008; Hubbard & Linde 2011). Geo-
physical approaches also have the potential of bridging the inherent
gap in terms of spatial resolution and coverage that tends to exist
for classical hydrological measurements (e.g. Koch et al. 2009). Al-
though a number of standard geophysical methods exhibit a direct
sensitivity to the water content, such as ground-penetrating radar
(e.g. Annan 2005), or to ground water flow, such as self-potential
(e.g. Malama et al. 2009a,b), only a few methods, such as nuclear
magnetic resonance (e.g. Stingaciu et al. 2010), seem to exhibit a
more or less direct sensitivity to permeability (e.g. Hubbard&Linde
2011). Amongst the latter, spectral induced polarization (SIP) mea-
surements seem to offer particularly significant potential with regard
to a wide range of practical hydrological applications (e.g. Slater
2007).
SIP is a low-frequency geoelectrical method based on the ob-
servation of effects related to the temporary storage of electrical
charges in the probed subsurface region in response to the injec-
tion of an alternating current. This reversible storage of electrical
charges produces a phase lag between the current injected using two
230 C© 2012 The Authors
Geophysical Journal International C© 2012 RAS
SIP and permeability of quartz sands 231
current electrodes and the voltage difference measured between two
potential electrodes (e.g. Binley & Kemna 2005). A number of re-
searchers have tried to connect the key parameters describing the
observed SIP phase spectra to various textural characteristics of
porous media, which in turn tend to be more or less strongly re-
lated to the permeability. Indeed, several studies have documented
reasonably strong relationships between permeability and parame-
ters derived from induced polarization (IP) measurements in porous
media (e.g. Bo¨rner et al. 1996; Slater & Lesmes 2002; Kemna et al.
2004; Binley et al. 2005; Ho¨rdt et al. 2007; Slater 2007; Revil &
Florsch 2010; Weller et al. 2010). Slater (2007) provides a compre-
hensive review of the corresponding methodological foundations
and of the pertinent literature. Arguably, the most important textu-
ral characteristics in the given context are (i) the pore size or the
raw moments of pore size distribution (e.g. Kormiltsev 1963; Titov
et al. 2002, 2004; Revil et al. 2011) and (ii) the grain size or the raw
moments of the grain size distributions (e.g. Schwarz 1962; Lesmes
& Morgan 2001; Revil & Florsch 2010).
At low frequencies, IP- and SIP-type phenomena are related to
the existence of polarization length scales associated with the ac-
cumulation or depletion of charge carriers, notably ions in the case
of saturated porous media, under the effect of an imposed electrical
field. If, and only if, these polarization length scales can be associ-
ated with the geometrical parameters controlling permeability, then
IP- or SIP-type measurements over a broad range of frequencies,
typically 1–100 Hz, can be used to assess permeability. Schwarz
(1962) developed the theoretical foundations for linking the di-
ameter of suspended spheres with the relaxation time. This theo-
retical framework was adapted by Leroy et al. (2008) to account
for polarization processes in the Stern layer formed by counteri-
ons, which maintain their hydration shells and are weakly sorbed
to the mineral surface. Revil & Florsch (2010) then proposed a
mechanistic theory to predict the permeability of granular media
from some raw moments of the grain size distribution and the in-
trinsic formation factor corrected for surface conductivity. This
model is based on the assumption that the diffuse layers around
grains are interconnected in granular porous media such as sand.
Hence, only the polarization of the Stern layer at the surface of
the grains and the related polarization length scales can be directly
associated with the size of individual grains. Charge movements
related to polarization processes in the Stern layer are predomi-
nantly parallel to the grain surfaces, as slow diffusion processes
hinder perpendicular movements, which implies that the dominant
sizes of the corresponding polarization cells, and hence the associ-
ated SIP relaxation times, can be directly related to the prevailing
grain size. Enhanced knowledge regarding such a relation between
the size of polarization cells and size of grains could then pave
the way to a better understanding of the potential and limitations
of SIP measurements, especially, when connected to the grain-
size-based permeability estimation proposed by Revil & Florsch
(2010).
The data presented in this study correspond to samples of quartz
sands, which vary significantly in terms of their grain size and
textural characteristics and thus allow for exploring the effects of
different levels of sorting and compaction on the phase amplitude
in SIP (Koch et al. 2011). A particular emphasis of this study is to
assess the impact of changes in sorting on the SIP characteristics,
where sieved versions of the same original samples allows for a
more direct comparison. In the following, (i) we first briefly outline
the essential aspects of the mechanistic model proposed by Revil &
Florsch (2010), whose practical validity we seek to test in this study,
(ii) present the experimental procedures and the resulting data, and
(iii) finally compare the laboratory data with the corresponding
theoretical predictions.
2 EST IMATION OF PERMEABIL ITY OF
GRANULAR MEDIA
2.1 Grain-size-based permeability estimation
The motivation to connect the permeability to the textural param-
eters of a porous material is not new, the Kozeny–Carman model
(Kozeny 1927; Carman 1937, 1956; Freeze & Cherry 1979) being
a well known and still pertinent example. If the porous material is
granular with all the grains being perfect spheres of uniform diam-
eter d, the Kozeny–Carman equation can be written as (e.g. Freeze
& Cherry 1979; Revil & Cathles 1999; Chapuis & Aubertin 2003;
McCabe et al. 2005a,b)
k = d
2φ3
180(1 − φ)2 , (1)
where k is permeability and φ porosity. The Kozeny–Carmanmodel
tends to overestimate the permeability, especially at low porosities,
as only a fraction of the total pore space actually contributes to the
medium’s permeability (e.g. Revil & Cathles 1999).
To alleviate this problem, a number of authors proposed to work
with parameters that are dynamically weighted by the norm of the
local electrical field in the absence of surface conduction at the
pore water/mineral interface (Johnson et al. 1986; Avellaneda &
Torquato 1991)
k = 
2
8F
, (2)
where F is the formation factor and  is the characteristic pore
size of the porous material. Archie’s (1942) law then connects the
formation factor to the porosity as
F = φ−m, (3)
where the so-called cementation exponent m can be regarded as a
grain shape parameter for granular media (Sen et al. 1981). Ac-
cording to Revil & Cathles (1999), the characteristic pore size can
be quantified as by  = d(2m(F − 1))−1, which in turn allows for
transforming eq. 2 to
k = d
2
32m2F (F − 1)2 . (4)
This relation was then used by Revil & Florsch (2010) as the basis
for their mechanistic model relating the permeability to the key
SIP parameters, notably the relaxation time. Please note that eq. 4
again refers to the idealized case of perfectly spherical grains with
a uniform diameter d.
2.2 Determination of permeability from SIP parameters
The resistance and the phase associated with SIP measurements can
be expressed as a complex impedance, which, once corrected by a
geometrical factor accounting for the experimental set-up, may be
written in terms of the complex conductivity
σ ∗(ω) = 1
ρ∗(ω)
= σ ′(ω) + iσ ′′(ω) = |σ ∗(ω)| exp (iϕ(ω)) , (5)
where ω denotes the angular frequency, ρ∗ the complex resistivity,
i = √−1 the imaginary number, ϕ the phase difference between
C© 2012 The Authors, GJI, 190, 230–242
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the injected current and the observed voltage, and σ ′and σ ′′ the real
and imaginary parts of the complex conductivity σ ∗, respectively.
Revil & Florsch (2010) then use a Cole-Cole-type model for
relating the distribution of the SIP relaxation times to the observed
complex resistivity
ρ∗ (ω) = ρ0
[
1 − M
(
1 − 1
1 + (iωτCC)c
)]
, (6)
whereM is the dimensionless chargeability characterizing the mag-
nitude of the polarization effect, c is the dimensionless Cole-Cole
exponent and determines the width of the peak on the correspond-
ing phase curve with small values of c being associated with wider
peaks and vice versa, τCC is the Cole-Cole time constant and is
related to the location of this peak in the frequency band, and ρ0
the low-frequency asymptote, or direct current value, of the elec-
trical resistivity (e.g. Cole & Cole 1941; Pelton et al. 1978; Dias
2000; Lesmes & Friedman 2005; Cosenza et al. 2009). Following
the original model of Schwarz (1962), for the IP relaxation time,
Revil & Florsch (2010) assume that the Cole-Cole time constant
τCC can be related to the square of the grain diameter d as
τCC = d
2
8Di
, (7)
whereDi represents the diffusion coefficient of species i in the Stern
layer, which is temperature dependent and varies ∼2 per cent per
degree Kelvin. For the quartz sand samples considered in this study,
we shall assume that the idealized uniformgrain diameter d in eq. (7)
can be approximated by median grain diameter d50. The pore fluid
used is a sodium chloride electrolyte. Following Revil & Florsch
(2010), we assumeDNa+ = 1.32× 10−9 m2 s−1 at 25 ◦C (Tong et al.
2006) and an equivalent ionmobilityβNa+ = 5.19× 10−8 m2s−1V−1
at 25 ◦C (Revil et al. 1998) on the surface of the grains.
Assuming that the uniform diameter d in eq. (4) can be approx-
imated by the median grain diameter d50, this then results in the
following relation between the permeability and SIP relaxation time
k = τCCDi
4m2F(F − 1)2 . (8)
The thus resulting proportionality between the permeability k and
the relaxation time τCC was indeed already proposed by Pape &
Vogelsang (1996) in relation with their work on borehole logs from
the German continental deep drilling program (KTB).
3 EXPERIMENTAL BACKGROUND
The granulometric and hydraulic characteristics of the quartz sand
samples considered in this study are given in Table 1. All mea-
surements were carried out both in a loose, non-compacted state
(Table 2a) as well as in a compacted state (Table 2b). The to-
tal porosity φ is estimated based on the observed bulk density
δ = (1−φ)δS +φδ f , where δs = 2650 kg/m3 and δf = 1000 kg/m3
denote the mass densities of the quartz grains and of the pore water,
respectively. For all samples considered in this study, we assume the
total porosity to be equal with the effective porosity.
Compaction of the samples was achieved by continued shaking
and refilling of the sample holder. Vertical sorting effects, with
bigger grains moving towards the surface and smaller grains accu-
mulating at the bottom, were minimized, if not largely eliminated,
by continuously changing the orientation of the vessel during the
compaction process. The average difference in porosity between the
non-compacted and compacted states is of the order of 7 per cent
(Tables 2a and b). The compaction of the samples leaves their grain
Table 1. Grain size characteristics from laser diffraction measurements.
u = d60/d10 is the sorting of the grain size distribution. Samples SP1 to SP6
correspond to sieved fractions of sand F36 (SP1, SP2, SP3) and sand WQ1
(SP4, SP5, SP6).
Sample d10 (mm) d50 (mm) d60 (mm) u Mean (mm) Mode (mm)
F36 0.10 0.18 0.20 1.91 0.18 0.19
F32 0.18 0.27 0.29 1.62 0.27 0.27
WQ1 0.47 0.66 0.71 1.51 0.66 0.68
SP1 0.13 0.18 0.19 1.43 0.18 0.19
SP2 0.17 0.24 0.25 1.44 0.23 0.25
SP3 0.23 0.32 0.34 1.47 0.32 0.32
SP4 0.38 0.50 0.53 1.40 0.50 0.52
SP5 0.52 0.68 0.72 1.38 0.68 0.68
SP6 0.68 0.87 0.91 1.34 0.86 0.91
size distributions and some of their surface characteristics, such as,
for example, the surface roughness of the grains, unchanged, but
increases their surface area relative to the pore volume. The reduc-
tion in porosity involves a corresponding increase of the electrical
formation factor F (eq. 3) of the compacted samples so that the
influence of this parameter on the SIP response can be tested in-
dependently. As illustrated in Fig. 1, F is estimated by plotting the
bulk conductivity of the sample as a function of the pore water con-
ductivity. The cementation exponent m can then be inferred from
the porosity φ and the formation factor F as m = −ln F/ln φ. The
corresponding values for F and m are given in Tables 2(a) and (b).
In addition to the original quartz sand samples, which differ in
terms of their granulometric characteristics, we also consider addi-
tional samples obtained by sieving of the samples F36 and WQ1
(Table 1). The sieving resulted in six well-sorted subfractions, de-
noted as samples SP1 to SP6, whose SIP spectra are expected to
be associated with well-defined phase peaks (Leroy et al. 2008;
Revil & Florsch 2010). Please note that taking sieved fractions of
a particular sample allows for exploring the effects of sorting on
the SIP characteristics, which is a particular emphasis of this study.
Because of constraints in the experimental set-up, we had to use dif-
ferent sample holders for the SIP and permeability measurements.
This change of sample holders has the potential drawback that there
can be slight differences in the underlying porosity values, although
great care was taken to achieve the same final compaction state.
For clarity, we denote the porosities prevailing for the permeability
and SIP measurements as φk and φSIP, respectively (Tables 2a and
b). Permeability was inferred from constant head measurements in
a dedicated sample holder with a diameter 5.1 cm and a length of
5.0 cm.
The grain size distributions of our samples were determined us-
ing a Beckman Coulter LSTM 13320 Laser Diffraction Particle Size
Analyzer (Brea, CA), which uses an indirect method of estimating
grain size via light diffraction. Based on the instrument’s specifica-
tions, which conform to the ISO 13320 standards, the corresponding
error margins are estimated to be 3 per cent for d50 and 5 per cent
for d10/d90, respectively, with dx referring to the grain diameter for
which x per cent of the grains have a diameter smaller than this
value (ISO 13320 1999).
The SIP measurements were performed using the high-accuracy
impedance spectrometer developed by Zimmermann et al. (2008)
(Fig. 2). This instrument provides an accuracy with regard to the
phase of 0.1 mrad over the frequency range of interest, which ex-
tends from approximately 1 to 100 Hz. Tests under more or less
identical conditions did indeed demonstrate that it was possible to
closely replicate the experimental results in this frequency range
C© 2012 The Authors, GJI, 190, 230–242
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Table 2. Electrical and hydraulic parameters for (a) uncompacted and (b) compacted samples. Permeability k was
measured with the constant head method at porosity φk . Porosity φSIP denotes the porosity measured in the sample
holder used for SIP measurements using the impedance meter developed by Zimmermann et al. (2008) (Fig. 2). SD
denotes the standard deviation of the various parameters as inferred from the posterior distribution resulting from the
Bayesian MCMC inversion of the complex resistivity data. The electrical measurements were taken at a temperature
of 21.6 ◦C with a standard deviation of 0.9 ◦C.
(a)
Sample k (m2) φk F φSIP m M SD M τCC (s) SD τCC (s) c SD c
F36 1.76E-11 0.47 3.77 0.44 1.59 0.0119 0.0303 0.439 0.511 0.47 0.03
F32 5.31E-11 0.45 3.55 0.44 1.54 0.0022 0.0005 0.508 0.067 0.58 0.01
WQ1 1.29E-10 0.47 3.25 0.47 1.56 0.0232 0.0011 2.127 0.285 0.32 0.02
SP1 2.08E-11 0.48 3.14 0.46 1.48 0.0048 0.0010 0.304 0.002 0.57 0.02
SP2 3.30E-11 0.49 3.40 0.44 1.49 0.0066 0.0007 0.297 0.057 0.32 0.03
SP3 6.75E-11 0.49 3.26 0.49 1.65 0.0051 0.0007 5.133 0.585 0.47 0.02
SP4 1.71E-10 0.49 3.12 0.49 1.58 0.0063 0.0013 0.840 0.187 0.37 0.02
SP5 2.80E-10 0.48 3.10 0.48 1.54 0.0121 0.0022 4.684 1.628 0.33 0.06
SP6 3.94E-10 0.49 3.34 0.49 1.70 0.0113 0.0024 12.422 5.351 0.22 0.05
(b)
Sample k (m2) φk F φSIP m M SD M τCC (s) SD τCC (s) c SD c
F36 1.11E-11 0.39 4.12 0.38 1.48 0.0232 0.0303 0.231 0.511 0.32 0.16
F32 2.40E-11 0.39 3.75 0.39 1.40 0.0038 0.0005 0.142 0.067 0.35 0.02
WQ1 7.50E-11 0.41 3.97 0.42 1.59 0.0082 0.0011 1.856 0.285 0.44 0.03
SP1 1.17E-11 0.40 3.23 0.41 1.30 0.0068 0.0010 0.142 0.002 0.50 0.02
SP2 1.98E-11 0.40 3.55 0.39 1.35 0.0050 0.0007 0.399 0.057 0.40 0.02
SP3 3.81E-11 0.42 3.64 0.42 1.49 0.0073 0.0007 5.485 0.585 0.45 0.02
SP4 1.05E-10 0.42 3.52 0.44 1.54 0.0087 0.0013 0.802 0.187 0.28 0.03
SP5 1.96E-10 0.42 3.36 0.43 1.44 0.0122 0.0022 3.654 1.628 0.33 0.05
SP6 2.56E-10 0.41 3.63 0.43 1.53 0.0080 0.0024 3.42 5.351 0.28 0.05
Figure 1. Bulk conductivity as a function of fluid conductivity for the
compacted version of sample F36 illustrating the use of the inverse of the
linear fit’s slope given by σ = (1/F)σ f for estimating the formation factor
F. In this example, the samples linear fit yields a value of the formation
factor F of 4.1.
at different laboratories with local specimens of this impedance
spectrometer (Fig. 3).
The SIP response of a probed sample provides information on the
bulk electrical conductivity and the phase delay, and thus on the real
and imaginary parts of the complex electrical conductivity, over the
considered frequency range (eq. 5). A representative example of an
observed SIP spectrum is shown in Fig. 4. Both the phase and the
imaginary part of the electrical conductivity exhibit a peak at lower
frequencies and a steady increase of their values for frequencies in
excess of 100 Hz. The low-frequency peak is indicative of the SIP
relaxation phenomena we seek to model with eq. (6). Conversely,
the gradual increase of the phase and the imaginary part of the
electrical conductivity at higher frequencies is related to Maxwell-
Wagner polarization as well as instrument-related coupling effects
(e.g. Lesmes & Morgan 2001). Repeated experiments showed that
measurements in the frequency range between 1 and 10 mHz were
not of the same consistency as those for higher frequencies. Similar
observations have been made by other researchers (Jougnot, per-
sonal communication, 2009; Okay, personal communication, 2009).
Although the causes for these problems remain enigmatic, they are
likely to be related to the inherently very long measurement times
associated with the low end of the SIP frequency spectrum. We
recorded minor interferences with the local electricity grid in the
vicinity of 50 Hz (Fig. 5).
To compare our measurements with the corresponding predic-
tions of the model by Revil & Florsch (2010), which focuses on the
low-frequency relaxationmechanism,we consider SIP spectra in the
range between 10mHz and 10 Hz and determine the Cole-Cole time
constant of the so-called low-frequency peak. The only exception is
sampleWQ1, for which it was necessary to use frequencies down to
1 mHz, because the spectrum at higher frequencies was entirely flat.
We fit the observed SIP data with the Cole-Cole model given by eq.
(6) using a Bayesian Markov-chain-Monte-Carlo (MCMC) inver-
sion approach (e.g. Mosegaard & Tarantola 1995; Chen et al. 2008).
This approach is particularly suitable for low-dimensional, strongly
non-linear problems of the type considered here and allows for a
statistical assessment of the parameter estimation process based
on the corresponding posterior distributions. In the absence of a
priori information on the general characteristics, of the Cole-Cole
C© 2012 The Authors, GJI, 190, 230–242
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Figure 2. Sketch of the high-sensitivity impedance meter used for the SIP measurements presented in this study (adapted from Zimmermann et al. (2008)). The
measurements are done with a Wenner-type array: C1 and C2 correspond to the current electrodes whereas P1 and P2 correspond to the potential electrodes.
Figure 3. Results for repeated measurements of the phase ϕ as a function of
frequency made with local specimens of the same model of the impedance
spectrometer developed by Zimmermann et al. (2008). Black squares show
the results from sample F36 measured at Forschungszentrum Ju¨lich (FZJ)
with pore water conductivity at 0.0045 S m–1. Grey circles correspond to
measurements made with pore water conductivity at 0.006 S m–1 at the
Institute of Geophysics of the University of Lausanne (UniL-IG).
parameter distributions, the MCMC inversions were executed us-
ing uniform prior distributions for c and ρ0 and log-uniform prior
distributions for τCC and M . The logarithmic scale of the uniform
prior distributions for τCC and M was chosen to account for the
fact that likely values of these parameters may extend over sev-
eral orders-of-magnitude. Table 3 gives the lower and upper ranges
of the corresponding prior distributions. With the exception of the
prior distribution for ρ0, which was well constrained by the corre-
sponding measurements of the bulk resistivity at the low end of the
considered frequency spectrum, the considered prior distributions
are quite broad and thus allow for assessing the information content
of the SIP data with regard the Cole-Cole parameters.
We estimate the data uncertainties for the MCMC inversion pro-
cedure based on the output errors from the impedance meter, which
in turn are based on repeated, threefold measurements at each fre-
quency. The results for the mean values and the standard deviations
of τCC, M , and, c are given in Tables 2(a) and (b). Another critical
aspect of the MCMC procedure is to determine the length of the
so-called burn-in period, the number of iterations required for the
Markov chain to converge and subsequently generate samples from
the Bayesian posterior distribution. Only after these first iterations
are removed from the data set, the data can be used for analysis of
the posterior statistics of the Cole-Cole parameters. In our case, the
end of the burn-in phase, which was determined by comparing the
results of three independent Markov chains with random starting
points, was uniformly reached after less than 5000 iterations. After
burn-in, each chain was allowed to run for 500 000 iterations, which
is deemed to be largely sufficient to adequately sample the posterior
distribution for this low-dimensional, four-parameter inverse prob-
lem. Representative examples of observed and fitted SIP spectra are
shown in Fig. 6. Depending on the number of frequencies consid-
ered, the computations took between 1 and 5 days on a standard
desktop computer with a 2.6 GHz dual core processor.
4 RESULTS
As a basis for analysing the SIP-related aspects of the model of
Revil & Florsch (2010), we first need to validate the underlying
relation between permeability and grain size (eq. 4). To this end,
Fig. 7 shows a comparison between observed permeability data
(Tables 2a and b) and the corresponding predictions based on eq. (4)
(Revil & Cathles 1999), again assuming that the idealized uniform
grain diameter d can be approximated by the median grain diameter
d50 of the considered samples. For completeness, we also show of
the corresponding predictions based on the Kozeny–Carman equa-
tion (eq. 1). The corresponding error estimates are based on the
full differentials of the governing equations. The uncertainties of
the input parameters were inferred for each sample individually
and are based on the estimated errors of the various measurements
involved: 3 per cent error in the measurements of grain size with
the LSTM 13320 Laser Diffraction Particle Size Analyzer (Beckman
Coulter), ±0.0005 kg for the scale used for weighting the samples
and ±0.0001 m accuracy of the caliper gauge for the measurement
of diameter and height of the sample holder, 0.5 per cent for both
fluid electric resistivity measured with the electrical conductivity
meter and bulk electric resistivity measured using the SIP device.
C© 2012 The Authors, GJI, 190, 230–242
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Figure 4. Example of the real and imaginary parts of the complex conductivity and corresponding phase spectra obtained from the SIP measurement of
sample SP5 saturated with an NaCl electrolyte with an electrical conductivity of 0.0035 S m–1. The low-frequency response of the phase and the imagninary
conductivity corresponds to the polarization of the electrical double layer whereas the higher frequency responses, that is, above ∼100 Hz, are related to the
effects of Maxwell-Wagner polarization (e.g. Lesmes & Morgan 2001) and instrument-related coupling effects.
Figure 5. Zoom-in of an SIP measurement showing the typical interference effects with local electricity grid around 50 Hz.
C© 2012 The Authors, GJI, 190, 230–242
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Table 3. Lower and upper limits of the uniform (c and
ρ0) and log-uniform (M and τCC) prior distributions
used for the MCMC inversion.
Lower limit Upper limit
c 0 0.7
ρ0 (m) 400 1100
M 0.0001 10
τCC (s) 0.00001 100
These uncertainties in the input parameters then translate into error
estimates of 1.4 per cent for porosity, 1.1 per cent for the formation
factor and 2.2 per cent for the cementation exponent. Please note
that the formation factor is recomputed using eq. (3) at the porosi-
ties at which the permeability measurements are performed for the
individual samples.
As expected, the Kozeny–Carman model (eq. 1) predicts too high
values for the permeability, because it overestimates the size of the
pore throats and the fraction of the pore space that controls the flow.
Conversely, the model of Revil & Cathles (1999), which represents
the foundation for the SIP model by Revil & Florsch (2010) based
on the substitution of grain size information with SIP parameters,
provides remarkably good predictions of the permeability.
In agreement with previous studies (e.g. Schwarz 1962; Binley
et al. 2005; Leroy et al. 2008), we generally observe a system-
atic dependence of the frequency of the relaxation peaks on the
grain size for our samples with smaller grains being associated with
higher relaxation frequencies and vice versa (Fig. 8). However, an
interesting, and as of yet enigmatic, difference is observed in the
amplitude of phase shift between samples with the original grain
size distribution (Fig. 8, black data points) and the sieved parts of
the same samples (Fig. 8, coloured data points). This effect cannot
be explained using currently available models and is most likely to
have an influence on permeability estimations via the imaginary part
of conductivity. This effect was independently observed for sample
F32 by Odilia Esser at the Juelich Research Center and by the lead
author for sample WQ1. In both cases, the electrical conductivity
of the pore water was kept rather constant at 3–3.5 µS cm–1 for
sample F32 and its sieved parts and at ∼50 µS cm–1 for sample
WQ1 and its sieved parts.
Tighter packing results in a small but clearly discernible shift of
the peaks of the phase (Fig. 9a) and the imaginary part of conduc-
tivity (Fig. 9b) peaks towards higher frequencies, which in turn are
associated with shorter relaxation times. As this source of variation
in relaxation time is not related to grain size, it will to some degree
alter the permeability estimates based on eq. (8), which accounts for
the impact of compaction on permeability via the formation factor
(eq. 4), but does not take into account the impact of compaction on
SIP relaxation time (eq. 7). Although this observation and its dis-
crepancy with the mechanistic model of Revil & Florsch (2010) is
interesting per se, the corresponding shifts in relaxation time are too
small to have any significant implication with regard to correspond-
ing permeability prediction. A comparison between the measured
permeability values and the corresponding predictions based on eq.
(8) is shown in Fig. 10.As for the grain-size-basedmodel considered
above, the formation factor was recomputed at the porosity at which
the permeability measurements are performed (Tables 2a and b).
The corresponding error estimates are again based on the full dif-
ferential of the governing equations. The largest part of uncertainty
originates from the standard deviation of the estimates relaxation
times (Tables 2a and b). The errors for temperature and the electrical
resistivity of the fluid of ±0.1 ◦K and of 0.5 per cent, respectively,
Figure 6. Examples of Cole-Cole models fitted to parts of the observed SIP
data using a Bayesian MCMC inversion approach. Black dots denote the
observed data, solid red lines the mean of the group of accepted models,
and dashed black lines the corresponding standard deviations.
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Figure 7. Predicted versus measured permeabilities comparing the
Kozeny–Carman equation (eq. 1; black circles) and the Revil & Cathles
(1999) model (eq. 4; open squares). As expected, the Kozeny–Carman equa-
tion overpredicts the permeability, because of its inherent overestimation of
the fraction of the connected porosity. The formation factor F was com-
puted from the cementation exponent m and the porosity φk at which the
permeability is measured.
are based on the specifications of the electrical conductivity meter
and its built-in thermometer meter and the error for bulk electric re-
sistivity of 0.5 per cent correspond to the precision of the SIP device
and the porosity error of 1.4 per cent is based on the full differential
equations of the governing equations for our porosity estimates with
a ±0.0005 kg accuracy for the scale used for weighing the samples
and ±0.0001 m accuracy of the caliper gauge for the measurement
of diameter and height of the sample holder. The latter uncertainties
also contribute to the errors shown in Fig. 10, but their contribution
remains relatively small in comparison with the standard deviation
of the relaxation.
The results shown in Fig. 10 illustrate that eq. (8) correctly re-
produces the trend of the measured permeabilities, but system-
atically underpredicts their actual values by approximately one
order-of-magnitude,which is indeedwithin the commonuncertainty
range associated with predictions and measurements of permeabil-
ity. However, there are also indications, such as the dependence of
the relaxation times on compaction, that some of the rather strong
assumptions inherent to the model of Revil & Florsch (2010), such
as its focus on the polarization of the Stern layer, could be at the
source of this observation.
5 D ISCUSS ION
A seemingly obvious candidate for explaining the systematic under-
prediction of the observed permeability would be a corresponding
error in the diffusion coefficient (eq. 8). Indeed, previous workers
have put forward the idea of using the diffusion coefficient as a
fitting parameter for closely related problems (e.g. Schwarz 1962).
In our case, this approach would, however, lead to values of ion
mobility that exceed those used in related works by one order-
of-magnitude (e.g. Leroy et al. 2008). This discrepancy is quite
unrealistic and thus indicates that fundamental inadequacies in the
underlying mechanistic model, rather than inaccuracies in the esti-
mation of the diffusion coefficient, are likely to be at the source of
the mismatch between the observed and the modelled permeabili-
ties.
For the following, it is therefore important to remember that
the model by Revil & Florsch (2010) is essentially based on the
assumption that the polarization process is dominated by the Stern
layer. In the given context, this dominance of the Stern layer implies
that the diffuse layer is assumed to be interconnected over the entire
pore space and hence polarization processes taking place in the
diffuse layer are not considered in the model. Notably membrane
polarization, which is widely regarded as an important polarization
mechanism (e.g. Marshall & Madden 1959; Vinegar & Waxman
1984; de Lima & Sharma 1992; Lesmes & Morgan 2001; Titov
et al. 2002) and is not accounted for by this model. Not accounting
for the polarization processes in the diffuse layer may indeed result
in a systematic underestimation of the observed permeability by the
corresponding SIP-basedmodel (eq. 8). The fact that the underlying
grain-size-based model (eq. 4) predicts the observed permeability
of our samples quite adequately supports this view.
To explain the systematic underprediction of the observed per-
meability by this model, we therefore need to look for realistic, but
unaccounted, polarization mechanisms, which cause the observed
SIP relaxation times to be shorter than would be expected from the
Stern layer polarization of individual spherical grains. Quite im-
portantly, these polarization mechanisms should also be compatible
with our observation that compaction of the samples results in a
small but systematic reduction of their Cole-Cole time constants
(Tables 2a and b).
As described above, an important polarization mechanism in
porous media, which works in this direction and which is not ac-
counted for in the considered model, is membrane polarization,
which is commonly associated with the pore length (e.g. Volkmann
& Klitzsch 2010). The pore length in unconsolidated granular me-
dia is generally smaller than the average diameter of the surround-
ing grains and hence is likely to be associated with systematically
shorter relaxation times than those assumed by the model of Revil
& Florsch (2010). Moreover, compaction tends to further reduce
the pore length, which in turn is compatible with our observation
that the compacted samples exhibit systematically shorter relax-
ation times than their non-compacted, loose counterparts (Tables 2a
and b).
In the context of this study, it is also important to remember
that the individual grains of our quartz sand samples differ quite
significantly in terms of their shape and their surface roughness
from the underlying assumption on ideal spheres (Fig. 11). These
shape characteristics might allow for the development of multiple
polarized cells on the surfaces of the individual grains. In well-
controlled laboratory experiments involving spherical glass beads,
Leroy et al. (2008) did indeed observe that edging of the beads
resulted in the development of additional smaller polarized cells in
response to the corresponding increase of the surface roughness.
Although this process can be explained based on the Stern layer
polarization processes, it is not accounted for in the current model
of Revil & Florsch (2010).
Moreover, the size of the polarized cells may also be reduced
with respect to the considered Stern-layer-based model as a result
of contacts between the electrical double layers surrounding the in-
dividual grains. This phenomenon and its effects on the governing
polarizationmechanisms are notwell understood and have only been
studied with regard to spheres in suspension (e.g. Dukhin & Shilov
C© 2012 The Authors, GJI, 190, 230–242
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Figure 8. Granulometry (top) and SIP responses (bottom) of (a) sample F32 and two sieved fractions thereof at a pore water conductivity of 3 to 3.5 µS cm–1
and (b) sample WQ1 and three sieved fractions thereof at pore water conductivity of ∼50µS cm–1. In both cases, we observe a significantly smaller amplitude
of the phase ϕ for the well sorted, sieved fractions (coloured data points) of the samples than for the original grain size distribution (black circles) of the
samples.
1969, 1974, 2001; Shilov et al. 2001; Grosse 2011). It has, however,
been shown that the distance between particles in suspension has
an effect on polarization processes and that the relaxation times do
indeed decrease with increasing particle concentration (e.g. Schwan
et al. 1962; Shilov & Borkovskaja 1994; Delgado et al. 1998). If
the correspondingly reduced size of the polarized cells is linked
to the distance between contacts of multiple individual grains, we
can assume it to be similar to the pore length in unconsolidated
granular media and thus to be similar to the size of the polariza-
tion cells associated with membrane polarization. In this context,
it is interesting to note that the recently proposed hydraulic model
of Bernabe et al. (2010, 2011) does indeed use the pore length
l together with the hydraulic radius rH as the key parameters for
permeability estimation.
Finally, it also important to remember that the decrease in poros-
ity as a result of compaction is associated with a corresponding in-
crease of the tortuosity T = Fφ = φ1−m (Clennell 1997). Together
with recent findings of Binley et al. (2010) for sandstone samples,
which indicate a linear relationship between the square root of the
tortuosity and the relaxation length scale, this may point to the pos-
sibility and/or the necessity of correcting Revil & Florsch’s (2010)
mechanistic model for the tortuosity. That said, the corresponding
variations of the formation factor remain relatively small for our
samples and hence the formation factor would need to be multi-
plied by four to adequately represent compaction related variations
in relaxation time.
6 CONCLUS IONS
We explored the practical validity of the mechanistic model based
on the polarization of the Stern layer proposed by Revil & Florsch
C© 2012 The Authors, GJI, 190, 230–242
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Figure 9. Effect of compaction on (a) the phase ϕ and (b) the imaginary part of the electrical conductivity for samples WQ1 and F36.
(2010) relating SIP relaxation time to the mean grain size and
the permeability. To this end, we compared the theoretical predic-
tions with corresponding laboratory measurements for quartz sands
with relatively broad and varying granulometric characteristics. The
grain-size-based model, upon which the SIP model considered in
this study is based, predicts the permeability very adequately. Cor-
respondingly, we attribute the observed discrepancies arising in the
permeability prediction from the SIP relaxation time to inadequa-
cies in the part of the model concerning polarization processes.
The trend of the permeability predictions based on the observed
Cole-Cole time constants inferred from SIP data agrees well with
the corresponding measured data. The model does, however, sys-
tematically underestimate the observed permeability values by ap-
proximately one order-of-magnitude. Although the magnitude of
this systematic mismatch is within the common uncertainty range
associated with predictions and measurements of this inherently
elusive hydraulic parameter, there are indications, such as the de-
pendence of the relaxation times on compaction, that some of the
rather strong assumptions inherent to this model, such as its limi-
tation to the polarization of the Stern layer, could be at the source
of this observation. From a practical point of view, the effects of
compaction seem to be negligible for the prediction of permeability
C© 2012 The Authors, GJI, 190, 230–242
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Figure 10. Predicted (eq. 8) versus measured permeabilities using the mean
Cole-Cole time constant based on the spectral induced polarization data, the
formation factor and the cementation exponent. The results for compacted
and loose, non-compacted samples are displayed as open circles and solid
black squares, respectively.
Figure 11. Electron microscope images of a quartz sand grain from sample
F32 at various levels of magnification.
from SIP data. However, the very observation of this effect points to
the existence and the potential importance of polarization processes
that are not accounted for in the considered model, such as, for ex-
ample, membrane polarization and/or the presence of multiple and
hence smaller polarized cells in response to surface roughness and
intergrain contacts.
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